uncoating. Interestingly, both endo and synj mutants as off transients can be observed (not shown). The abnormal on/off transients indicate that mutations in 2R11 well as double mutants exhibit similar electrophysiological properties, ultrastructural anomalies, and behavioral impair the ability of PRs to signal to postsynaptic cells. Since mutations that significantly affect synaptic phenotypes, suggesting that the two proteins are intimately linked during the uncoating process. This hytransmission in PRs are expected to cause loss of phototaxis (Burg et al., 1993 ; Zinsmaier et al., 1994), we repothesis is further supported by the colocalization of both proteins at synapses, by their biochemical interactested flies with homozygous mutant 2R11 eyes for phototaxis. Although 2R11 mutations were initially isolated tion, and by the observation that overexpression of Endo partly rescues synj loss of function. Furthermore, our in the screen because they displayed reduced positive phototaxis, when tested again, flies with homozygous data suggest that a key function of Endo is to recruit and stabilize Synj on endocytosed vesicles. mutant 2R11 eyes phototax as well as control flies in almost every trial ( Figure 1B) . Hence, 2R11 mutants are capable of detecting light and releasing sufficient neuroResults transmitter to display phototaxis.
Postsynaptic response defects measured by ERGs Isolation of Mutations that Affect
could arise from defects in neurotransmitter release but Synaptic Transmission also from a failure of the mutant PRs to synapse with We have performed a forward genetic screen to isolate the correct postsynaptic cells. To determine the axonal mutations in genes involved in the SV cycle. Since mutamorphology of the mutant PRs, we labeled PRs with a tions impairing synaptic function are likely to cause lemembrane-specific marker (mAb 24B10) and visualized thality, we used the eyFLP system to generate heterotheir axon projection pattern by confocal microscopy. zygous mutant flies with homozygous mutant eyes Detailed analysis of the projection patterns of mutant (Newsome et al., 2000; Stowers and Schwarz, 1999). To and control PRs did not reveal any obvious differences enrich for flies with defects in synaptic transmission, we (data not shown). In addition, transmission electron miperformed phototaxis assays (Benzer, 1967) , allowing croscopy (TEM) on the lamina of flies with 2R11 mutant us to isolate flies with impaired sight.
PRs revealed that they sort in the usual stereotypical To determine if synaptic transmission is affected in manner into lamina cartridges (Figures 1C-1E). Hence, our mutants, we recorded electroretinograms (ERGs) mutations in 2R11 do not affect synaptic transmission (Heisenberg, 1971). ERGs distinguish between mutants
by impairing PR axon pathfinding, target recognition, or that fail to perceive light (no depolarization in response sorting into lamina cartridges. to a light flash) and those that fail to elicit a postsynaptic response (reduced or absent on/off response). We therefore conducted ERGs on several flies in each stock 2R11 Mutant Photoreceptor Terminals Display Highly Clustered and Densely Coated and retained mutations that cause a defect in on and/ or off transients.
Synaptic Vesicles
Although we did not observe gross morphological deThe vast majority of the isolated mutations on chromosome arm 2R are homozygous lethal. To establish whether fects by TEM, there was an obvious difference between control and 2R11 mutant terminals. In both 2R11 1 as the mutations are allelic, we performed complementation tests based on lethality, assuming that lethality and well as in 2R11 2 mutant PRs, SVs appear dense and cluster in highly organized rows ( Figures 1G and 1H the ERG defect are the result of the same mutation. This assumption proved to be correct in most cases. Our and insets), a phenotype we never observed in control terminals ( Figure 1F ). Other subcellular structures do screen on 2R permitted isolation of 14 complementation groups with two or more alleles. not exhibit obvious defects when compared to control terminals. Hence, 2R11 mutants display highly orgaTo assess ultrastructural defects in the mutants of each complementation group, we performed transmisnized densely coated vesicles in contrast to the less conspicuous and more dispersed SVs of controls, sugsion electron microscopy (TEM) on PR terminals. Drosophila R1-R6 PRs project their axons into the first optic gesting a defect in vesicle uncoating and cytoskeletal organization. Since the ERG, phototaxis, and ultrastrucneuropil, the lamina, where they form synapses with monopolar cells, forming stereotypical cartridges (Meintural phenotypes of 2R11 are very similar to those observed in endo mutant PRs (Fabian-Fine et al., 2003), ertzhagen and Sorra, 2001). By combining the ERG and TEM data, we are able to pinpoint functional and strucwe studied 2R11 in more detail. tural defects in considerable detail.
2R11 Corresponds to synaptojanin To map the 2R11 complementation group, we deterMutations in 2R11 Do Not Significantly Impair Phototaxis but Cause Lack of "On-Off" Transients mined the recombination distance between the mutations and nine P element insertions spread over the 2R One of the complementation groups with two alleles (2R11 1 and 2R11
2
; later referred to as synj 1 and synj 2 ) chromosome arm (Zhai et al., 2003) . As shown in Figure  2A , both mutations map at cytological interval 58. Using displayed interesting phenotypes. ERG recordings on homozygous mutant 2R11 eyes, which appear morphofour different P elements within this interval ( Figure 2B Figures 3D and 3E ). To sponding to the predicted size of the synj transcript.
determine if Synj is present in synaptic terminals of PRs, SYNJ message is low during embryonic stages and abwe stained them with anti-Synj and the PR cell memsent during pupal stages. RNA expression is observed in brane marker anti-chaoptin (mAb 24B10, Figure 3F ; Van larvae and adults, especially in adult heads ( Figure 2G (Figures 4H-4K) . In summary, the data indicate that mutations in synj dramatically impair endocySynj also relocalizes somewhat to the synaptic membrane upon vesicle depletion ( Figure 6C (Figure 5K ). In synj 1 boutons, small numbers of SV remains in two locations: (1) the AZ and (2) in discrete areas outside the AZs (Figures 5B-5H We also verified that all the Endo was precipitated from the head extract under these conditions (bottom blot "unbound before hs and after hs"). This ensures that we are assessing the total amount of Endo-Synj complexes before and after vesicle depletion. More Synj is bound to Endo after heat shock (top blot, "IP endo before and after heat shock").
F-H) and synj 2 (I and J). Scale bar equals 0.2 m for (A) and (B), 95 nm for (C)-(E), and 90 nm for (F)-(J). (K and L) Quantification of vesicle density (K) and cisternae density (L) in control and
To correlate the partial rescue of ERG defects with endocytotic markers. Dynamin and Dap160 are localized similarly in control and mutant boutons, indicating that ultrastructural defects, we performed TEM on synj 2 PR terminals. The sorting of PRs into lamina cartridges is their localization is not dependent on Synj or Endo (Figures 9A-9F) . However, Synj is strikingly relocalized in normal in PRs overexpressing Endo and synj 2 mutant PRs that overexpress Endo (not shown), indicating that endo 1 mutants to the periphery of the boutons and appears in a punctate pattern (Figures 9G and 9H) . In addiaxon guidance and targeting into cartridges in these genotypes is not altered. Unlike vesicles at synj 2 PR tion, Synj immunoreactivity is dramatically reduced in endo 1 mutants ( Figures 9H and 9I ), indicating that Synj terminals ( Figure 8H ), vesicles at terminals that overexpress Endo are not densely coated and arranged in expression at the synapse depends on Endo. In contrast, Endo is only partially relocalized to the membrane clusters ( Figure 8G ). Interestingly, in synj 2 PR terminals that overexpress Endo, large clusters of densely coated in synj 1 mutants, indicating that Endo localization is not critically dependent on Synj (Figures 9J and 9K) . vesicles are present and are more apparent than in synj 2 mutants ( Figure 8I, arrowheads) In line with this idea, at synj mutant NMJs, we observe rows demonstrates that they do not colocalize (Figures 9Q-9T) . Hence, we surmise that in the absence of Endo, the of vesicles apposed to non-AZ presynaptic membrane and these vesicles are regularly spaced, and in synj remaining Synj is localized to endocytotic hotspots. 
Experimental Procedures
Before vesicle invagination, Synj is tethered to endocytotic zones, perhaps through its interaction with Dap160.
Drosophila Strains and Genetics
Endo binds the Synj proline-rich domain and recruits it 
